within the deleted sequences in the PLT mutation, and/or the loss of cross-reactively detected Ccl21a transcripts predominantly expressed in immune organs (Nakano et al., 1998) . Because of the defective expression of CCR7 ligands in immune organs, PLT mice are essentially similar to CCR7-deficient mice in terms of defective medullary accumulation of positively selected thymocytes and impaired self-tolerance in T cells, reinforcing the involvement of these CCR7 ligands in the cortex-to-medulla migration of developing thymocytes to establish self-tolerance (Kurobe et al., 2006) . In contrast, mice specifically deficient in CCL19 are neither defective in thymic medulla formation nor prone to autoimmune disease, suggesting that CCL19 alone is not necessary for the medulla migration of thymocytes and the establishment of self-tolerance in T cells (Link et al., 2007; Britschgi et al., 2010) . It is thus possible that the loss of any one or two of among the three CCR7 ligands may be compensated by the remaining ligands, so that like CCL19-deficient mice, mice deficient in CCL21Ser and/or CCL21Leu may be undisturbed in the establishment in the thymic medulla of self-tolerance in T cells. Alternatively, unlike CCL19, CCL21Ser and/or CCL21Leu may play a nonredundant role in the medulla migration of thymocytes. Thus, whether any one of the CCR7 ligands plays a unique role in the thymus and how CCL21Ser and/ or CCL21Leu contribute to the medulla migration of thymocytes and the establishment of self-tolerance in T cells have remained unanswered.
We report herein the generation of mice in that the CCL21Ser-encoding Ccl21a sequence is specifically deleted. The mice lacked Ccl21a but not Ccl19 or Ccl21b/c transcripts. In these Ccl21a-deficient mice, positively selected thymocytes failed to accumulate in the thymic medulla, and medullary deletion of self-reactive thymocytes was defective. The Ccl21a-deficient mice developed autoimmune dacryoadenitis. These results reveal a nonredundant role of CCL21Ser-encoding Ccl21a in the establishment of self-tolerance in T cells in the thymic medulla. reSuLtS and dIScuSSIon Generation of ccl21a-deficient mice To generate mice specifically deficient in the CCL21Ser-encoding Ccl21a gene, a targeting vector that contained the gene encoding the tandem dimeric tomato fluorescence protein (tdTomato) at the translation initiation site of the Ccl21a gene along with neighboring genomic sequences was introduced into TT2 embryonic stem cells for homologous recombination (Fig. S1 B) . Southern blot analysis, PCR analysis, and sequence analysis of genomic DNA isolated from the tails of offspring mice indicated successful germline recombination at the Ccl21a locus as designed, without affecting Ccl21b and Ccl21c loci (Fig. S1, C and D) . Because the two independent mouse lines obtained in this study have exhibited essentially identical phenotypes, we will show the results of one line of Ccl21a-deficient mice.
ccl21a-deficient mice lack ccl21a but not ccl19 or ccl21b/c
To measure the expression of CCL21Ser-encoding Ccl21a and CCL21Leu-encoding Ccl21b and/or Ccl21c (Ccl21b/c) transcripts, we designed PCR primers specific for Ccl21a and Ccl21b/c sequences. Evaluation of PCR conditions using Ccl21a-containing and Ccl21b/c-containing plasmids demonstrated that the detection of Ccl21a and Ccl21b/c was similarly specific at ∼10 3 -10 4 -fold signal-to-noise ratio ( Fig. S1 E) . Quantitative RT-PCR analysis using these PCR conditions showed that Ccl21a gene expression was severely defective in various immune organs of Ccl21a-deficient mice and PLT mice ( Fig. S1 F) . Sequence analysis of trace amounts of PCR products detectable by Ccl21a-specific RT-PCR of the samples derived from Ccl21a-deficient mice showed that those products entirely represented the amplification of Ccl21b/c but not Ccl21a cDNA (unpublished data), confirming that Ccl21a gene expression is lost in Ccl21a-deficient mice. On the other hand, the expression of Ccl21b/c gene predominantly detected in the lung was not reduced in Ccl21a-deficient mice or PLT mice ( Fig. S1 G) , indicating that Ccl21b/c gene expression is not lost in Ccl21a-deficient mice. Unlike in PLT mice, the expression of Ccl19 in immune organs was not lost in Ccl21a-deficient mice ( Fig. S1 H) . These results indicate that the Ccl21a-deficient mice newly generated in this study specifically lack the expression of the CCL21Serencoding Ccl21a gene, but not the CCL21Leu-encoding Ccl21b/c or Ccl19 gene.
ccl21a-deficient mice are defective in the expression of ccL21 protein in mtecs
In the thymus, CCL21 protein is predominantly detectable in the medullary region (Ueno et al., 2002 (Ueno et al., , 2004 Misslitz et al., 2004) . The detection of tdTomato fluorescence protein in mice that heterozygously carried the Ccl21a-deficient allele indicated the transcription of the Ccl21a gene in the thymic medulla ( Fig. 1 A) . Flow cytometric analysis demonstrated that the tdTomato fluorescence in the thymus was predominantly detectable in mTECs ( Fig. 1 B; and Fig. S2 , A and C). Quantitative RT-PCR analysis of cDNAs extracted from isolated cells supported the predominant expression of Ccl21a gene in mTECs rather than cortical thymic epithelial cells (cTECs) or thymocytes ( Fig. 1 C) . By measuring transcript copy numbers using digital PCR analysis ( Fig. 1 D) , Ccl21a and Ccl21b/c were readily detected in mTECs ( Fig. 1 E) , but not cTECs or CD45 − EpCAM − non-TECs ( Fig. S2 B) . The expression of Ccl21a but not Ccl21b/c was severely diminished in mTECs of Ccl21a-deficient mice, in quantitative RT-PCR analysis and in digital PCR analysis ( Fig. 1 , C-E). Antibody staining of the thymic sections with anti-CCL21 antibody, which detected both CCL21Ser and CCL21Leu proteins, showed that the majority of CCL21 proteins were lost in the medullary region in the thymus of Ccl21a-deficient mice ( Fig. 1 F) . Flow cytometric analysis supported that CCL21 protein levels ex-pressed in mTECs were severely reduced in Ccl21a-deficient mice ( Fig. 1 G) . The amount of Ccl21b/c mRNA produced by mTECs in Ccl21a-deficient mice ( Fig. 1 E) might be translated inefficiently leading to an amount of CCL21 proteins below the threshold, detectable by the anti-CCL21 antibody used in this study (Fig. 1, F and G) . In contrast to PLT mice, Ccl19 mRNA in mTECs nor CCL19 protein in the thymic medulla were detected in Ccl21a-deficient mice (Fig. S2 , D and E). These results indicate that mTECs in Ccl21a-deficient mice are severely and specifically defective in the expression of Ccl21a gene and CCL21 proteins. These results also suggest that most CCL21 proteins expressed in the thymic medulla are CCL21Ser, derived from Ccl21a gene, rather than CCL21Leu, derived from Ccl21b or Ccl21c gene.
It was previously noted that scattered signals of CCL21 proteins are detectable in the thymic cortex, predominantly in the deep cortex (Misslitz et al., 2004; Ueno et al., 2004) . Those cortical CCL21 proteins were lost in Ccl21aKO mice ( Fig. S2 F) , whereas tdTomato + cells in Ccl21a-tdTomato-knock-in mice were detectable predominantly in the thymic medulla and barely in the cortical region ( Fig. 1 A and Fig. S2 F) , suggesting that most CCL21 proteins detectable in the thymic cortex are derived from CCL21Ser proteins secreted in mTECs. 
defective thymocyte accumulation in thymic medulla of ccl21a-deficient mice
We next examined whether the medullary accumulation of developing thymocytes was defective in Ccl21a-deficient mice, as was observed in CCR7-deficient mice or PLT mice (Ueno et al., 2002; Misslitz et al., 2004; Nitta et al., 2009 ). To do so, we first analyzed the hematoxylin and eosin-stained thymic sections of Ccl21a-deficient mice (Fig. 2 A) . We found that the medullary regions in the thymus of Ccl21a-deficient mice were small and scattered; this was observed in the thymus of PLT mice, but not in the thymus of CCL19-deficient mice or control littermates ( Fig. 2 A) . Image analysis of the thymic sections demonstrated that the thymic medullas in Ccl21a-deficient mice were significantly (P < 0.05) enriched in small regions and devoid of large ones, like the thymic medullas in PLT mice and unlike those in CCL19-deficient mice (Fig. 2, B and C). Total medullary areas in the largest coronal thymic sections were comparable among the mice analyzed in this study ( Fig. S2 G) , highlighting that CCL21Ser but not CCL19 affects the size of individual medullary areas in the thymus.
We then analyzed the distribution of thymocytes in the thymic microenvironments. Immunofluorescence staining for monoclonal OT-I-TCR-Vα2 high cells in the thymus of Ccl21a-deficient mice that were reconstituted with bone marrow cells from OT-I-TCR-transgenic Rag1-deficient β2m-deficient mice showed that Vα2 high mature thymocytes distributed predominantly in the medullary region in the thymus of control mice but were mainly detectable in the cortical region in the thymus of Ccl21a-deficient mice (Fig. 2 D) . In addition, in the polyclonal situation, the density of the numbers of CD4 + CD8 − and CD4 − CD8 + thymocytes in the thymic medulla was reduced in Ccl21a-deficient mice but not CCL19-deficient mice ( Fig. S2 H) . The defect in the distribution of mature thymocytes in Ccl21a-deficient mice was similar to the defective medullary accumulation previously reported in CCR7-deficient mice and PLT mice (Ueno et al., 2004; Nitta et al., 2009 ). These results indicate that the medullary accumulation of mature thymocytes is impaired in the thymic microenvironments of Ccl21a-deficient mice.
Nonetheless, the medullary regions were present albeit small (Fig. 2, A-D) , and Aire-expressing mTECs were readily detectable in Ccl21a-deficient mice (Fig. 2 , E and F), suggesting that the maturation of mTECs to give rise to Aire-expressing mTECs is not defective in Ccl21a-deficient mice.
thymocyte development and peripheral t cell distribution in ccl21a-deficient mice
Despite the defective accumulation of developing thymocytes in the thymic medulla, CD4/CD8 profiles of thymocytes and the cellularity of CD4 − CD8 − , CD4 + CD8 + , CD4 + CD8 − TCRβ high , and CD4 − CD8 + TCRβ high thymocytes were comparable in Ccl21a-deficient mice and control mice (Fig. 3, A and B) . Interestingly, unlike PLT mice and CCR7-deficient mice, in which the seeding of lymphoid progenitor cells into the thymus is defective (Misslitz et al., 2004; Liu et al., 2005) , and like CCL19-deficient mice (Link et al., 2007) , the numbers of CD4 − CD8 − (double negative; DN) thymocytes and their DN1 (CD25 − CD44 + ), DN2 (CD25 + CD44 + ), DN3 (CD25 + CD44 − ), and DN4 (CD25 − CD44 − ) subpopulations were not reduced in Ccl21a-deficient mice compared with those in control mice (Fig. 3, B and C; and Fig. S3 ). The cellularity of thymic B cells was reduced in Ccl21a-deficient mice ( Fig. S2 I) . These results indicate that the development of the various thymocyte subpopulations is not disturbed in Ccl21a-deficient mice, and suggest that the absence of Ccl21a-encoding CCL21Ser alone does not severely diminish the seeding of lymphoid progenitor cells into the postnatal thymus.
In the secondary lymphoid organs, the cellularity of T cells was reduced in the lymph nodes but not in the spleen in Ccl21a-deficient mice, as was observed in PLT mice (Fig. 3 D) . Immunofluorescence analysis of the distribution of endogenous or transferred T cells showed that T cells in the lymph nodes were less densely accumulated in the T cell zones of the lymph nodes in Ccl21a-deficient mice than in control mice (Fig. 3 , E-G; and Fig. S2 J) , whereas T cells in the spleen were less densely detected in the white pulp and more densely accumulated in the red pulp in Ccl21a-deficient mice than in control mice (Fig. 3, E and H) . These results indicate that in Ccl21a-deficient mice, T cells are defective in the accumulation in the T cell zones. autoimmune dacryoadenitis in ccl21a-deficient mice Systemic examination of hematoxylin and eosin-stained sections revealed that lymphocyte infiltration was de-tectable in the lacrimal glands and the salivary glands in Ccl21a-deficient mice ( Fig. 4 A) , as was observed in PLT mice and CCR7-deficient mice (Kurobe et al., 2006; Davalos-Misslitz et al., 2007) . The inflammation in those exocrine glands became obvious in most individual mice by 20 wk old (Fig. 4 B) . The production of tears decreased in Ccl21a-deficient mice, indicating functional damage in the lacrimal glands (Fig. 4 C) . Adoptive transfer of spleen cells from Ccl21a-deficient mice reproduced the inflammation in the lacrimal glands in athymic nude mice, indicating the contribution of T cell-mediated autoimmunity to dacryoadenitis in Ccl21a-deficient mice (Fig. 4, D and E) . The lacrimal and salivary glands exhibit no statistically significant inflammation in CCL19-deficient mice (n = 7, Mann-Whitney test; and not depicted). These results demonstrate that like PLT mice and CCR7-deficient mice, Ccl21a-deficient mice are prone to autoimmune dacryoadenitis. defective negative selection of thymocytes in ccl21a-deficient mice Our results showed that Ccl21a-deficient mice were defective in the medullary accumulation of developing thymocytes and were prone to autoimmune dacryoadenitis. It was therefore reasonable to speculate that the establishment of self-tolerance in T cells in the thymic medulla was defective in Ccl21a-deficient mice. To test this possibility, we finally examined whether Ccl21a-deficient mice were defective in the negative selection of thymocytes and regulatory T cell generation in the thymus. To analyze how mTEC-mediated negative selection of thymocytes was affected in the thymic medulla of Ccl21a-deficient mice, Ccl21a-deficient mice were crossed with RIP-mOVA-transgenic mice, in which membrane-bound chicken ovalbumin antigen was expressed in mTECs, and were lethally irradiated for the reconstitution with bone marrow cells from OT-I-TCR-transgenic β2m-deficient mice (Fig. 5 A) . We found that RIP-mOVAdependent negative selection of CD4 − CD8 + TCR-Vα2 + mature thymocytes was significantly (P < 0.05), albeit incompletely, disturbed in the thymus of Ccl21a-deficient mice (Fig. 5, A and B) . However, the cellularity of CD4 + CD8 − CD25 + Foxp3 + cells was not diminished in the thymus of Ccl21a-deficient mice (Fig. 5, C and D) . These results indicate that Ccl21a-deficient mice are defective in the mTEC-dependent negative selection of thymocytes but not in the generation of regulatory T cells in the thymus.
discussion
The present results demonstrate that mice specifically deficient in Ccl21a-encoded CCL21Ser, one of the three CCR7 ligands, are defective in the medullary accumulation of positively selected thymocytes and the establishment of self-tolerance in T cells. It was previously unknown whether any one of the three CCR7 ligands in mice plays a unique role in immune system development, including T cell development in the thymus. This study reveals that the CCR7 ligand, Ccl21a-encoded CCL21Ser, plays a nonredundant and major role in the migration of positively selected thymocytes into the thymic medulla and the establishment of self-tolerance in T cells.
A previous study reported that CCL19 is dispensable for the thymocyte migration into the thymic medulla and for the T cell migration into T cell zones in the lymph nodes (Link et al., 2007) . It was therefore possible that CCL21 and CCL19 might play an equivalent and mutually compensatory role in attracting T cells. However, CCL19 and CCL21 proteins have distinct structural properties and CCR7-stimulating capability, despite sharing the same signaling receptor CCR7 (Nag-ira et al., 1997; Bardi et al., 2001; Kohout et al., 2004) . It was shown that CCL19 is essential for the homeostatic maintenance of T cell numbers in the secondary lymphoid organs (Link et al., 2007) . Our results highlight the disparity between the in vivo roles of CCL21 and CCL19, by indicating that unlike CCL19, Ccl21a-encoded CCL21Ser plays an essential role in guiding the migration of T cells in the thymus and the secondary lymphoid organs.
Unlike CCL21Ser and CCL19, CCL21Leu and CCL21Leu-encoding Ccl21b and CCL21c genes are present only in mouse and not in many other species, including human ( Fig. S1 A) . Nonetheless, the function of CCL21Leu in mouse remains unclear. It was reported that CCL21Ser and CCL21Leu exhibit an equivalent ability to recruit T cells into the pancreatic islets in transgenic overexpression mouse models (Chen et al., 2002) . However, it was also suggested that CCL21Ser and CCL21Leu might participate differently in the recruitment of T cells into the lung (Lo et al., 2003) . Our results further indicate that CCL21Leu does not seem to contribute to the medullary migration of developing thymocytes in the thymus, even though CCL21Leu-encoding Ccl21b/c mRNA transcripts being still detectable in mTECs isolated from either normal or Ccl21a-deficient mice.
Our results also show that Ccl21a-deficient mice develop autoimmune exocrinopathy with dacryoadenitis, and that this exocrinopathy is reproduced in T cell-lacking athymic nude mice that are adoptively transferred with spleen cells from Ccl21a-deficient mice. These results indicate that T cells generated in the thymus without CCL21Ser fail to establish self-tolerance to the exocrine tissues. Interestingly, genome-wide association studies of human populations have revealed that single-nucleotide polymorphisms in the single human Ccl21 gene are associated with autoimmune diseases, including rheumatoid arthritis and dermatomyositis (Raychaudhuri et al., 2008; Orozco et al., 2010; Stahl et al., 2010; Sundqvist et al., 2011; Miller et al., 2013; Chen et al., 2015) . However, the association between CCL19 polymorphisms and autoimmune diseases remains unclear. Thus, CCL21 rather than CCL19 appears to be important for the establishment of self-tolerance in both human and mouse.
Finally, our results show that in Ccl21a-deficient mice, T cells are abnormally distributed between the white pulp and the red pulp in the spleen and are defective in the accumulation in the T cell zones in the lymph nodes, which was not previously detected in CCL19-deficient mice (Link et al., 2007) . The results also demonstrate the separation between T cell zones and B cell zones in Ccl21a-deficient mice. Further analysis of the lymph nodes and the spleens in Ccl21a-deficient mice versus PLT mice and CCL19-deficient mice, especially for the behavior and distribution of T cells and other immune cells during immune responses, should help clarify the role of CCL21Ser in the secondary lymphoid organs.
In conclusion, we have demonstrated that CCL21Ser in mouse plays a nonredundant role in T cell migration and self-tolerance establishment in T cells, by newly generating mice in that the CCL21Ser-encoding Ccl21a gene is specifically deleted. CCR7 and its ligands are important for various aspects of immune system development and immune response in health and disease. The role of CCL21 and CCR7 interactions has also been noted in cancer metastasis and tumor-induced immune modulation (Müller et al., 2001; Shields et al., 2010; Riedel et al., 2016) . The Ccl21a-deficient mice generated in this study will be useful for further studies of the roles of CCL21Ser and other CCR7 ligands in vivo.
MaterIaLS and MetHodS
Mice C57BL/6 (B6) mice and OT-I-TCR transgenic Rag1-deficient mice were obtained from SLC and Taconic, respectively. B6-plt/plt (PLT) mice (Nakano et al., 1998) , CCL19-KO mice (Link et al., 2007) , RIP-mOVA transgenic mice (Kurts et al., 1996) , and β2m-deficient mice (Koller et al., 1990) were described previously. B6-nude (nu/nu) mice were obtained from Riken Bio-Resource Center through the MEXT National Bio-Resource Project, Japan. All mouse experiments were performed with consent from the Animal Experimentation Committee of the University of Tokushima (#13116) and the Institutional Animal Care and Use Committee of Institute of Physical and Chemical Research Kobe Branch (AH13-03). 
Generation of ccl21a-deficient mice
The targeting vector shown in Fig. 1 B was prepared by subcloning Ccl21a-containing mouse genomic BAC fragments (Advanced GenoTechs) and tdTomato-encoding cDNA (Clontech) into a plasmid containing a pgk-neo cassette. The linearized targeting vector was introduced into TT2 ES cells (Yagi et al., 1993) . Targeted alleles were screened by genomic PCR analysis and Southern blot analysis. Mice (accession no. CDB1030K) are available to the scientific community (http ://www2 .clst .riken .jp /arg /mutant%20mice %20list .html). The primers used for genotyping PCR were as follows; WT-F, 5′-CTG GTC TCA TCC TCA ACT CA-3′; WT-R, 5′-TGT AAC CCT AGG ATT GTA GG-3′; and tdTomato-R, 5′-GGT CTT GAA CTC CAC CAG GT-3′.
Southern blotting
Genomic DNA extracted from the liver was digested with KpnI, electrophoresed in 1% agarose, and transferred to nylon membrane (Hybond-N + ; GE Healthcare). Probe was labeled with a PCR DIG Probe Synthesis kit (Roche) and hybridization was detected using anti-DIG-AP Fab fragment (Roche), CDP-STAR (Roche), and Light Capture II (Atto).
Quantitative rt-Pcr analysis
Total cellular RNA was reverse-transcribed (RT) with oligo-dT primers and SuperScript III reverse transcription (Invitrogen). Quantitative real-time PCR was performed using SYBR Premix Ex Taq (TaKaRa) and 7900HT Sequence Detection System (Applied Biosystems). The primers used were as follows: Ccl21a, 5′-AAG GCA GTG ATG GAG GGG GT-3′ and 5′-CTT AGA GTG CTT CCG GGG TG-3′; Ccl21b/c, 5′-AAG GCA GTG ATG GAG GGG GA-3′ and 5′-GGC TTA GAG TGC TTC CGG GGTA-3′; Ccl19, 5′-CTG CCT CAG ATT ATC TGC CAT-3′ and 5′-AGG TAG CGG AAG GCT TTC AC-3′; and Gapdh 5′-CCG GTG CTG AGT ATG TCG TG-3′ and 5′-CAG TCT TCT GGG TGG CAG TG-3′. Amplified products were confirmed to be single bands in gel electrophoresis and normalized to the amount of Gapdh amplification products.
digital Pcr analysis
Amplified DNA was detected with VIC-labeled Ccl21a and FAM-labeled Ccl21b/c probes. Amplification primers were 5′-GGC TAT AGG AAG CAA GAA CCA AGTT-3′ and 5′-CAT AGC TCA GGC TTA GAG TGC TT-3′. Detection probes were 5′-CAA TCC TGT TCT CAC CCCG-3′ for Ccl21a and 5′-CAA TCC TGT TCT TAC CCCG-3′ for Ccl21b/c. PCR products were analyzed using QuantStudio 3D Digital PCR Chip Loader, GeneAmp PCR System 9700, and QuantStudio 3D Digital PCR System (Applied Biosystems).
Bone marrow chimeras
Bone marrow cells from OT-I-TCR-transgenic β2m-deficient mice were magnetically depleted of T cells by using anti-CD90.2 microbeads (Miltenyi Biotec). Recipient mice were irradiated with 10 Gy x-rays and injected with T celldepleted bone marrow cells. Mice were analyzed 4-5 wk after the reconstitution.
t cell migration assay
TCRαβ-expressing T cells were enriched in spleens and peripheral lymph nodes of B6 mice by depletion of B220-, NK1.1-, TCRδ-, CD11b-, and CD11c-expressing cells using Microbeads (Miltenyi Biotec) and were >95% TCRβ + . The cells were labeled with 2 µM CFSE, and 2 × 10 7 cells were intravenously transferred into recipient mice. Spleens and lymph nodes were frozen either 1 h or 15 h after the transfer. T-and B-zone were determined by anti-TCRβ and anti-B220 staining, respectively, of the tissues. T-and B-zone areas (mm 2 ) were computed by using ImageJ software (National Institutes of Health). Non-T-and non-B-zone areas were calculated by subtracting T-zone and B-zone areas from the whole area in each image.
adoptive cell transfer
Splenocytes (5 × 10 6 ) from Ccl21a-deficient mice or control mice were intravenously injected into B6-nude mice. Tissues fixed in 4% phosphate-buffered formaldehyde, pH 7.2, were analyzed 8 wk after the cell transfer.
Flow cytometric analysis and cell sorting
For the analysis of thymic epithelial cells (TECs), minced thymuses were digested with 1 unit/ml Liberase (Roche) in the presence of 0.01% DNase I (Roche). Single-cell suspensions were stained with antibodies specific for CD326 (EpCAM; BioLegend), CD45 (eBioscience), and CD249 (Ly51, eBioscience), and for the reactivity with UEA-1 (Vector Laboratories). For the analysis of Aire and CCL21, surface-stained cells were fixed in 4% (g/vol) paraformaldehyde, permeabilized in 0.1% saponin, and stained with anti-Aire (5H12; eBioscience) antibody or anti-CCL21 (AAM27; Bio-Rad Laboratories) antibody. For the analysis of thymocytes, splenocytes, and lymph node cells, cells were surface-stained with the indicated antibodies. For the intracellular staining of Foxp3, the surface-stained cells were fixed and permeabilized by using a Foxp3 Staining Buffer Set (eBioscience) and stained with anti-Foxp3 antibody (eBioscience). For the isolation of TECs, CD45 − cells were enriched in magnetic bead conjugated anti-CD45 antibody (Miltenyi Biotec). Multicolor flow cytometry and cell sorting were performed on FAC SAria II (BD).
Immunofluorescence analysis
Paraformaldehyde-fixed frozen tissues embedded in OCT compound (Sakura Finetek) were sliced into 5-µm-thick sections. Lymph nodes were sliced into 10-µm-thick sections. The sections were stained with anti-CCL21 (Bio-Rad Laboratories), anti-CCL19 (R&B System), anti-Aire (eBioscience), anti-Ly51 (eBioscience), anti-K14 (Covance), anti-B220, anti-CD3, anti-CD4, anti-CD8, or anti-TCR-Vα2 (eBioscience) antibodies and UEA-1 (Vector Laboratories).
Images were analyzed with a TSC SP8 confocal laser scanning microscope (Leica).
Hematoxylin and eosin staining
Paraformaldehyde-fixed and frozen sections were stained with hematoxylin and eosin (Muto Pure Chemicals Co.) and observed under an Eclipse E1000 microscope (Nikon). The size (mm 2 ) of medullary regions in the thymic sections was measured by using ImageJ software.
tear secretion
Tear secretion in 3 min was measured by using cotton thread that contained phenol red (Zone-Quick; Showa Yakuhin Kako). The length of cotton thread that absorbed tears per minute was normalized to body weight.
Inflammation grade
Histological grading of inflammatory lesions was performed as described previously (Kohashi et al., 2008) . A score of 1 indicates that one to five foci composed of more than 20 mononuclear cells per focus were seen; a score of 2 indicates that more than five such foci were seen, but without significant parenchymal damage; and a score of 3 indicates degeneration of parenchymal tissue.
Statistical analysis
Statistical significance was accessed using the two-tailed unpaired Student's t test with Welch's correction for unequal variances. online supplemental material Fig. S1 shows the generation of Ccl21a-knockout mice. Fig. S2 shows additional phenotypes of Ccl21a-knockout mice. Fig. S3 shows the cellularity of thymocytes in CCL19-deficient thymus.
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